Intramembrane-cleaving peptidases of the rhomboid family regulate diverse cellular processes that are critical for development and cell survival. The function of the rhomboid protease PARL in the mitochondrial inner membrane has been linked to mitophagy and apoptosis, but other regulatory functions are likely to exist. Here, we identify the START domain-containing protein STARD7 as an intramitochondrial lipid transfer protein for phosphatidylcholine. We demonstrate that PARL-mediated cleavage during mitochondrial import partitions STARD7 to the cytosol and the mitochondrial intermembrane space. Negatively charged amino acids in STARD7 serve as a sorting signal allowing mitochondrial release of mature STARD7 upon cleavage by PARL. On the other hand, membrane insertion of STARD7 mediated by the TIM23 complex promotes mitochondrial localization of mature STARD7. Mitochondrial STARD7 is necessary and sufficient for the accumulation of phosphatidylcholine in the inner membrane and for the maintenance of respiration and cristae morphogenesis. Thus, PARL preserves mitochondrial membrane homeostasis via STARD7 processing and is emerging as a critical regulator of protein localization between mitochondria and the cytosol.
Introduction
Proteases residing within mitochondria perform essential roles in mitochondrial homeostasis (Quiros et al, 2015) . They act as quality control enzymes degrading damaged polypeptides and control the processing or stability of regulatory proteins involved in diverse mitochondrial activities, from mitochondrial gene expression, protein, and lipid biogenesis to mitochondrial dynamics. The inner membrane protease PARL (presenilin-associated rhomboid-like) belongs to the evolutionary conserved family of intramembranecleaving rhomboid proteases, which cleave their substrates typically within transmembrane segments and release membrane-exposed domains (Urban, 2016; Dusterhoft et al, 2017) . The loss of PARL or its homologues has profound effects on cell viability in diverse organisms (Spinazzi & De Strooper, 2016) . PARL-deficient mice die before the age of 3 month due to muscle atrophy and excessive cell death in spleen and thymus . Moreover, PARL expression is decreased in skeletal muscle of patients with type 2 diabetes mellitus (Civitarese et al, 2010) .
The first identified substrate of PARL was the mitochondrial kinase PINK1, which regulates mitophagy , the formation of mitochondria-derived vesicles (McLelland et al, 2014) , and the activity of respiratory complex I (Morais et al, 2014) . PINK1 cleavage within its transmembrane domain by PARL allows the release of mature PINK1 from mitochondria and results in its degradation by the ubiquitin-proteasome system (Yamano & Youle, 2013) . In depolarized mitochondria, however, PINK1 insertion into the IM is impaired preventing cleavage by PARL. PINK1 accumulates at the mitochondrial surface under these conditions, where it induces mitophagy in concert with the ubiquitin ligase Parkin Whitworth & Pallanck, 2017) . In contrast to PINK1, PARL-mediated processing of another substrate protein, the mitochondrial phosphatase PGAM5, is stimulated in dysfunctional mitochondria (Sekine et al, 2012) . PGAM5 has been functionally linked to the regulation of mitochondrial dynamics, mitophagy, and cell death. It dephosphorylates various proteins localized at the outer membrane (OM) or in the cytosol (Takeda et al, 2009; Wang et al, 2012; Chen et al, 2014; Panda et al, 2016; Rauschenberger et al, 2017) , suggesting that cleaved PGAM5 can be released from mitochondria. We recently identified in a proteomic survey the pro-apoptotic protein Smac (DIABLO), the complex III surveillance factor TTC19 (Ghezzi et al, 2011; Bottani et al, 2017) , the lipid transfer protein (LTP) STARD7 (Horibata & Sugimoto, 2010) , and CLPB (Capo-Chichi et al, 2015; Kanabus et al, 2015; Saunders et al, 2015; Wortmann et al, 2015) as additional The identification of STARD7 as a substrate of PARL suggests that STARD7 is imported into mitochondria after its synthesis on cytosolic ribosomes. We therefore performed cellular fractionation experiments to monitor the subcellular distribution of STARD7 in human cells. In agreement with previous reports (Horibata & Sugimoto, 2010; Horibata et al, 2016) , STARD7 was detected in the cytosol ( Fig 1A) . However, almost 60% of the protein was recovered from the mitochondrial fraction, while about 20% were found in association with microsomes ( Fig 1A) . Further purification of mitochondria by density gradient centrifugation confirmed the dual localization of STARD7 to mitochondria and the cytosol (Fig EV1A) .
These results were substantiated using immunofluorescence microscopy of PARL +/+ and PARL À/À HeLa cells expressing STARD7 . STARD7 was detected in the cytosol but also co-localized with mitochondrial TOMM20 in PARL +/+ cells (Fig 1B-D) . Strikingly, STARD7 was quantitatively retained in mitochondria upon expression in PARL À/À cells (Fig 1B-D) . Thus, PARL is required for the cytosolic localization of STARD7 indicating that newly synthesized STARD7 is first imported into mitochondria before redistribution to the cytosol occurs.
To further corroborate the critical role of PARL for the dual localization of STARD7, we replaced the amino terminal region of STARD7 by an unrelated mitochondrial targeting sequence, which is cleaved off by another mitochondrial protease. We chose the amino terminal amino region of mitochondrial calcium uptake 1 (MICU1; Perocchi et al, 2010) , which is sorted to the IMS by a mitochondrial targeting sequence and a transmembrane segment and which is converted into the mature form by the IMMP1L protease in the IMS (Fig EV1C) . STARD7 or a chimeric protein consisting of the mitochondrial targeting sequence of MICU1 (amino acids 1-60) and mature STARD7 (amino acids 77-370) (MICU1-STARD7) were stably expressed in STARD7 À/À cells (Fig 1E and F) , which were generated by CRISPR/Cas9-mediated genome editing. MICU1-STARD7 was targeted to mitochondria and converted into its mature form ( Fig 1F) . Immunofluorescence studies confirmed the mitochondrial localization of MICU1-STARD7 (Fig 1G and H) . In contrast to STARD7-expressing cells, we did not detect the accumulation of mature STARD7 in the cytosolic fraction of STARD7 À/À cells expressing MICU1-STARD7 (Fig 1F-H) . Thus, maturation of STARD7 by IMMP1L precludes the cytosolic localization of STARD7, which is observed upon processing by PARL. We therefore conclude that cleavage by PARL is required for mitochondrial release and the dual localization of STARD7 to mitochondria and the cytosol.
Sorting of STARD7 to the IMS involves two-step processing
To define how PARL affects sorting of STARD7, we first determined the localization of STARD7 within mitochondria and fractionated ▸ Figure 1 . PARL regulates dual localization of STARD7.
A Fractionation of HeLa cells into post nuclear (PNS), mitochondrial (Mito), microsomal (Micro), and cytosolic (Cyto) fractions. Left panel: samples were analyzed by SDS-PAGE and immunoblotting. Right panel; quantification of intensities (n = 3; mean values AE SD). B Immunofluorescence analysis of wild-type (WT) and PARL À/À HeLa cells. HeLa cells stably expressing FLAG-tagged human STARD7 were examined by immunofluorescence staining using FLAG-(green) and TOMM20-(red) specific antibodies. Nuclei were stained with DAPI (blue). Scale bars, 10 lm. Parts shown in higher magnification are boxed; scale bars, 10 lm. Lines are scanned in (C). C Line scans of arrows indicated in (B). D Quantification of (C) (n = 3; mean values AE SD; number of cells ≥ 70). E Domain organization of STARD7 and MICU1-STARD7. The chimeric protein consists of amino acids 1-60 of MICU1 (including the IMMP1L processing site) and amino acids The EMBO Journal 37: e97909 | 2018 mitochondria purified from PARL +/+ cells by osmotic swelling (Fig 2A) . In contrast to previous reports (Horibata et al, 2017) , STARD7 was protected against externally added protease in intact mitochondria but was degraded upon disruption of the OM (Fig 2A) . It thus shows a similar behavior than the i-AAA protease YME1L, which is active in the IMS, whereas matrix-localized proteins such as mtHSP70 became accessible to externally added protease only upon solubilization of the IM (Fig 2A) . STARD7 was recovered in the supernatant fraction upon alkaline extraction of mitochondrial membranes, indicating that it is not inserted into mitochondrial membranes ( Fig EV2A) .
While inhibiting the accumulation of STARD7 in the cytosol, the loss of PARL in PARL À/À cells did not affect its localization to the IMS (Fig 2A) . We observed the accumulation of larger forms of STARD7 in the mitochondrial IMS (Fig 2A) Our previous proteomic analysis identified Ala78 as the N-terminal amino acid residue of mature STARD7 (Saita et al, 2017) . PARL thus cleaves STARD7 within the putative transmembrane domain between amino acid residues 68 and 86 (Fig EV2C) . Consistently, larger forms of STARD7 were mainly recovered in the pellet fraction upon alkaline extraction of mitochondrial membranes, indicating that they are more tightly associated with these membranes (Fig EV2A) .
The accumulation of intermediate-sized forms of STARD7 in PARL À/À cells suggests two-step processing of STARD7 and the involvement of another peptidase. STARD7 contains a predicted mitochondrial targeting sequence containing a consensus cleavage site for the matrix-localized mitochondrial processing peptidase MPP after amino acid 65. Downregulation of MPP in PARL À/À cells impaired the formation of the intermediate forms and resulted in the accumulation of the precursor form of STARD7 (Fig EV2D) . We conclude that two peptidases, MPP and PARL, convert newly imported STARD7 into its mature form, which is localized in the IMS (Fig EV2E) . Notably, STARD7 was degraded when cells were incubated in the presence of cycloheximide to inhibit protein synthesis (Fig 2E   and F) . However, STARD7 accumulated stably in cells lacking the i-AAA protease YME1L, indicating that degradation is mediated by the i-AAA protease YME1L (Fig 2E and F) . These results corroborate the localization of STARD7 to the mitochondrial IMS.
PARL cleavage allows mitochondrial release of newly imported STARD7
The requirement of PARL for the cytosolic localization of STARD7 indicates redistribution of STARD7 from mitochondria to the cytosol. To monitor whether mitochondrial STARD7 can be released from the IMS, we incubated mitochondria and analyzed proteins accumulating in the supernatant after centrifugation (Fig EV3A) . However, endogenous, mature STARD7 was not released from mitochondria (Fig EV3A) , suggesting that STARD7 is released during import into mitochondria. We therefore assessed maturation and mitochondrial accumulation of STARD7 in protein import experiments in vitro (Fig 3A) . STARD7 was synthesized in a cell-free system and incubated with isolated mitochondria. We observed maturation of STARD7 in a membrane potential-dependent manner ( Fig 3A) . Mature STARD7 but not its precursor form was protected against externally added protease (Fig 3B) , demonstrating that mature STARD7 was imported into mitochondria.
To monitor the distribution of STARD7 between mitochondria and the cytosol, we performed protein import experiments using mitochondria isolated from PARL +/+ and PARL À/À cells. Mitochondria were separated from supernatants at various times after initiation of the import reaction, and both fractions were analyzed for the presence of mature STARD7 ( Fig 3C) . As expected, we detected mature STARD7 not only in mitochondria but to similar amounts also in the supernatant fraction upon incubation of newly synthesized STARD7 with PARL +/+ mitochondria ( Fig 3C) . Other mitochondrial proteins, such as Smac or SDHA, a subunit of the succinate dehydrogenase complex, were not present in this fraction excluding an unspecific release of IMS proteins or mitochondrial contamination of this fraction (Fig 3C) . Maturation of newly imported STARD7 was inhibited in PARL À/À mitochondria and STARD7 did not accumulate in the supernatant fraction, demonstrating that release of STARD7 requires cleavage by PARL (Fig 3C) . These results substantiate the requirement of PARL for the cytosolic localization of STARD7 (Fig 1) . We determined the fraction of newly imported STARD7 that is released from mitochondria at different time points during the import reaction (Fig 3D and E) . Maturation of STARD7 proceeded over time, A Fractionation of mitochondria isolated from HEK293 cells. Accessibility of mitochondrial proteins to externally added proteinase K (PK) was assessed upon osmotic swelling of mitochondria and after membrane solubilization with Triton X-100 (Triton). Fractions were analyzed by SDS-PAGE and immunoblotting using the following antibodies: TOMM20 (OM), YME1L (IM), PARL (IM), and mtHSP70 (matrix). p, precursor; i, intermediate; m, mature form of STARD7. B Reconstitution of PARL into proteoliposomes and STARD7 processing. C STARD7
HA synthesized in a reticulocyte cell-free system was incubated with proteoliposomes containing reconstituted PARL His or PARL(S277A) His for the indicated times. Samples were analyzed by SDS-PAGE and immunoblotting. p, precursor; m, mature form of STARD7. *, second translation product. D Quantification of (C) (n = 3; each symbol represents data from one experiment). Mature STARD7
HA at 4 h was set to 100%. and~40% of cleaved STARD7 was released from mitochondria at any given time point (Fig 3E) , whereas endogenous STARD7 was not released (Fig EV3A) . We conclude from these experiments that, while STARD7 cannot be released from mitochondria upon completion of import, PARL-mediated processing of STARD7 during import allows its partitioning between mitochondria and the cytosol. A Import and maturation of STARD7 in mitochondria. STARD7 HA was synthesized in a cell-free system and incubated in the presence or absence of CCCP (2 mM) with mitochondria that were isolated from HEK293 cells. Import was halted at the indicated time points, and samples were analyzed by SDS-PAGE and immunoblotting. Input (20%); p, precursor; m, mature form. *, second translation products. B Mature STARD7 is localized in the IMS. STARD7
HA was imported into HEK293 mitochondria. Samples were treated with proteinase K (PK) for 15 min at 4°C as indicated and analyzed by SDS-PAGE and immunoblotting. Input (20%); p, precursor; m, mature form. *, second translation products. C PARL-dependent release of mature STARD7 from mitochondria. STARD7
HA was incubated with mitochondria isolated from either wild-type (WT) or PARL À/À HEK293 cells. Samples were split by centrifugation into pellet (Mitochondria) and supernatant (Release) fractions and analyzed by SDS-PAGE and immunoblotting. Input (20%); p, precursor; i, intermediate; m, mature form. *, second translation products. D Kinetics of STARD7 maturation and release. STARD7
HA was imported for indicated times into mitochondria isolated from HEK293 cells as in (C). p, precursor; m, mature form. *, second translation products. E Quantification of (D) (n = 4; each symbol represents data from one experiment). Mature STARD7
HA after 60 min of import was set to 100%. Released mature STARD7 HA is given as percentage of total mature STARD7 HA .
Source data are available online for this figure.
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Negatively charged amino acids promote the release of STARD7 from mitochondria
Other PARL substrate proteins, such as Smac or CLPB, were not released from mitochondria during in vitro import reactions ( Fig EV3B and C) , suggesting that additional signals determine protein localization after cleavage by PARL. We noted that a series of negatively charged amino acid residues are present after the PARL cleavage site in STARD7 but not in Smac or CLPB (Fig EV4A) .
To examine whether these amino acid residues impact on the distribution of STARD7 between mitochondria and the cytosol, we first deleted regions in STARD7 harboring the negatively charged amino acids ( Fig 4A) and assessed the release of the resulting STARD7 variants during mitochondrial import ( Fig 4B) . Deletion of amino acid residues 86-120 of STARD7 abolished the release of mature STARD7 from mitochondria ( Fig 4B) . Similarly, STARD7 lacking amino acid residues 86-102 accumulated quantitatively in mitochondria, whereas a variant lacking amino acids 102-120 distributed between mitochondrial and supernatant fraction ( Fig 4B) . These experiments demonstrate that the efficient release of STARD7 from mitochondria depends on amino acids 86-102.
To further delineate the signal triggering mitochondrial release of STARD7, we replaced negatively charged amino acids in this region by alanine residues (Fig 4A; STARD7 AAA-1 ; STARD7 AAA-2 ; STAR-D7 AAA-3 ). Whereas STARD7 AAA-1 was cleaved by PARL with similar efficiency as STARD7, its release from mitochondria was significantly impaired (Fig 4C) , demonstrating that aspartate and glutamate residues D86, E87, and E88 are required for partitioning of STARD7 to the cytosol. The removal of additional negatively charged amino acids in AAA-3 impaired both processing and mitochondrial release of STARD7 ( Fig 4C) .
To unambiguously demonstrate the crucial function of negatively charged amino acids for the dual localization of STARD7, we introduced amino acid residues 86-102 of STARD7 into the corresponding region of Smac (Smac STARD7 ; Fig 4D) , which is not released from mitochondria in non-apoptotic cells (Figs 3C and EV3B; Saita et al, 2017) . Moreover, we replaced negatively charged amino acids within this region by alanine (Smac STARD7-A ; Fig 4D) . Smac, Smac STARD7 , and Smac STARD7-A were imported into mitochondria, and the release of mature forms of these proteins was monitored ( Fig 4E) . In contrast to Smac,~30% of mature Smac STARD7 accumulated in the supernatant fraction demonstrating that the inserted amino acid sequence derived from STARD7 allows mitochondrial release. Smac STARD7-A remained associated with mitochondria (Figs 4E and EV4B) , highlighting the crucial function of negatively charged amino acids in this region for the distribution of PARL substrate proteins between mitochondria and the cytosol.
TIMM23 promotes localization of STARD7 to mitochondria
PARL mediates the maturation of STARD7 cleaving the precursor form within its transmembrane domain (Fig EV2E) . Newly imported mitochondrial proteins harboring one transmembrane domain are sorted to the IM by the TIM23 complex, a multisubunit protein translocase containing TIMM23 as a core component (Wiedemann & Pfanner, 2017) . To examine how the TIM23 complex affects sorting and release of newly imported STARD7, we depleted TIMM23 from human cells, isolated mitochondria, and analyzed import and release of STARD7 (Fig 5A) . In agreement with the TIM23 complex mediating membrane insertion of STARD7, mature STARD7 accumulated at reduced levels in mitochondria depleted of TIMM23 (Fig 5A and B) . Surprisingly, the fraction of mature STARD7 that is released from mitochondria significantly increased upon depletion of TIMM23 (Fig 5C and D) . These results suggest that retranslocation of mature STARD7 from mitochondria does not strictly depend on TIMM23, which rather appears to promote the localization of STARD7 to mitochondria. This interpretation is consistent with immunoprecipitation experiments in mitochondria harboring PARL(S277A) FLAG (Fig 5E and F) . Depletion of TIMM23 did not affect binding of STARD7 to PARL during import indicating that TIMM23 is not essential for STARD7 processing by PARL. Thus, TIMM23 and internal signals in STARD7 determine the distribution of STARD7 between mitochondria and the cytosol.
Mitochondrial STARD7 preserves the structure and function of mitochondria STARD7 has been described as a PC-specific LTP in the cytosol, which transports PC to the mitochondrial surface and thereby maintains the functional integrity of mitochondria ( HA mutants harboring deletions were incubated with HEK293 mitochondria for indicated times.
Samples were split by centrifugation into pellet (Mitochondria) and supernatant (Release) fractions and analyzed by SDS-PAGE and immunoblotting. Cleaved and released fractions after 30-min import were quantified for different STARD7 variants (n = 3; each symbol represents data from one experiment). The red dotted line indicates the corresponding fraction of STARD7 HA after 30-min import (from Fig 3E) . Input (20%); p, precursor; m, mature form. #, second translation products.
*P < 0.05, **P < 0.01, one-way ANOVA. C Maturation and mitochondrial release of STARD7 mutants lacking negatively charged amino acids. STARD7
HA variants harboring point mutations in negatively charged amino acid residues (see A) were incubated with HEK293 mitochondria for indicated times (as in B). Cleaved and released fractions after 30-min import were quantified for different STARD7 variants (n = 3; each symbol represents data from one experiment). The red dotted line indicates the corresponding fraction of STARD7 HA after 30-min import (from Fig 3E) . Input (20%); p, precursor; m, mature form. #, second translation products. *P < 0.05, **P < 0.01, one-way ANOVA.
D Amino acid sequence of the N-terminal region of mature Smac and variants thereof. The STARD7-derived peptide and its mutant derivative lacking negatively charged amino acids which are inserted into Smac in Smac STARD7 and Smac STARD7-A are highlighted. Negatively and positively charged amino acids are shown in red or blue, respectively.
E Maturation and mitochondrial release of Smac and variants containing STARD7-derived peptides. Quantification of the released fraction of Smac and its variants at different time points of the import reaction is shown in the lower panel (n = 3; each symbol represents data from one experiment). The red dotted line indicates the released fraction of Smac, Smac
STARD7
, and Smac STARD7-A (from Fig 3E) . Input (20%); p, precursor; m, mature form. #, second translation product. **P < 0.01, one-way ANOVA.
Source data are available online for this figure. 
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The EMBO Journal PARL determines dual localization of STARD7 Shotaro Saita et al A TIMM23 depletion inhibits maturation of STARD7 in mitochondria. STARD7
HA was imported into mitochondria isolated from HEK293 cells that were siRNA-depleted of TIMM23 when indicated (as in Fig 3A) . Input (20%); p, precursor; m, mature form. *, second translation products. B Quantification of (A). Mature STARD7 released from control mitochondria after 30 min was set to 100% (n = 5). The box spans the first quartile to the third quartile, the horizontal line corresponds to the median and the whiskers above and below the box show the locations of the minimum and maximum values. ****P < 0.0001, one-way ANOVA. C TIMM23 depletion facilitates release of mature STARD7. STARD7
HA was imported into mitochondria isolated from HEK293 cells that were siRNA-depleted of TIMM23 when indicated, and release of mature STARD7 was assessed as in Fig 3C. Input (20%); p, precursor; m, mature form. *, second translation products. D Quantification of (C) (n = 7). The box spans the first quartile to the third quartile, the horizontal line corresponds to the median and the whiskers above and below the box show the locations of the minimum and maximum values. Mature STARD7 accumulating in mitochondria and the released fraction at each time point was set to 100%. *P < 0.05, **P < 0.01, one-way ANOVA. E Depletion of TIMM23 does not impair PARL binding of STARD7. STARD7
HA was incubated for indicated times with mitochondria, which were isolated from PARL À/À HEK293 cells that express proteolytic inactive PARL(S277A) FLAG and were depleted of TIMM23 by siRNA when indicated. Mitochondrial membranes were lysed with digitonin (5 g digitonin/g protein), and lysates were subjected to immunoprecipitation with FLAG-specific antibodies. Import reactions (10%) and immunoprecipitates (IP) were analyzed by SDS-PAGE and immunoblotting. Total, newly synthesized STARD7. F Quantification of immunoprecipitated proteins of (E) is shown (n = 3; mean values AE SD). N.S., not significant, one-way ANOVA. p, precursor.
Source data are available online for this figure. ª 2018 The Authors
The EMBO DN) . Deletion of the N-terminal 76 amino acids of STARD7 did not affect its accumulation in the cytosol or its targeting to microsomes but impaired the accumulation of STARD7 in the mitochondrial fraction (Fig EV5A) . We observed severely impaired basal and maximum OCRs (Fig 6A-C) , reduced cellular ATP levels (Fig 6D) , and reduced levels of the cytochrome c oxidase subunit COXI in STARD7 À/À cells (Fig 6E) , as described previously (Horibata et al, 2016) . These deficiencies were suppressed upon expression of STARD7 but not of STARD7-DN (Fig 6A-E) , demonstrating that maintenance of mitochondrial activities depends on the import of STARD7 into mitochondria.
We next analyzed the morphology of mitochondria in STARD7 À/À cells expressing STARD7 or STARD7-DN. Loss of STARD7 did not affect the formation of a tubular mitochondrial network. However, the formation of cristae was severely disturbed in STARD7 À/À cells (Fig 6F and G ; Horibata et al, 2016) . Similar to mitochondrial respiratory functions, normal cristae morphogenesis required mitochondrial targeting of STARD7 and was only maintained in STARD7 À/À cells upon expression of STARD7 but not of STARD7-DN (Fig 6F and G) . Several protein complexes in the IM maintain cristae morphogenesis including dimers of ATP synthase complexes (Paumard et al, 2002; Habersetzer et al, 2013) , the dynamin-like GTPase OPA1 Frezza et al, 2006) , mitochondrial contact site and cristae organization system (MICOS) (Rampelt et al, 2017) as well as prohibitin complexes (Tatsuta & Langer, 2017) . Whereas the loss of STARD7 did not affect the accumulation of OPA1 (Horibata et al, 2016) , MICOS, and prohibitin complexes (Fig EV5B) , we observed significantly reduced levels of dimers of ATP synthases upon Blue native-PAGE (BN-PAGE) analysis of STARD7-deficient mitochondrial extracts (Fig 6H) . Dimerization of ATP synthases required mitochondrial STARD7 and was not restored upon expression of STARD7-DN (Fig 6H) . Since dimers preserve mitochondrial cristae (Paumard et al, 2002; Habersetzer et al, 2013) , the impaired dimerization of ATP synthases likely contributes to the disturbed cristae morphogenesis in cells lacking mitochondrial STARD7. These experiments establish critical functions of mitochondrial STARD7.
In contrast to this study, STARD7 has recently been reported to be localized to the mitochondrial OM (Horibata et al, 2017) . To assess whether accumulation of STARD7 at the mitochondrial surface is sufficient to preserve mitochondrial activities, we replaced the mitochondrial targeting sequence and transmembrane region of STARD7 by the membrane anchor of the OM proteins TOMM70 or AKAP1 (Fig EV6A) and expressed these STARD7 variants in STARD7 À/À cells. Both variants accumulated at mitochondria (Fig EV6B) but did not allow the accumulation of COX1 in these cells (Fig EV6C) . Thus, neither cytosolic STARD7 nor STARD7 present at the mitochondrial surface is sufficient to preserve mitochondrial function.
To examine whether mitochondrial activities are preserved if STARD7 is only present in mitochondria, we analyzed STARD7 À/À cells expressing MICU1-STARD7, which accumulate mature STARD7 in mitochondria but not in the cytosol (Fig 1F-H) . Expression of STARD7 or MICU1-STARD7 restored efficient growth of STARD7 À/À cells (Fig EV6D) . Moreover, basal and maximal OCR, cellular ATP pools and the steady-state levels of COXI were restored in STARD7 À/À cells harboring mitochondrial STARD7 only (Fig 6I-K) .
We therefore conclude that localization of STARD7 specifically to the IMS of mitochondria is necessary and sufficient to preserve mitochondrial functions.
STARD7 is an intramitochondrial lipid transfer protein for PC
We reasoned that STARD7 shuttles PC across the IMS and thereby maintains mitochondrial membrane homeostasis and function. To ▸ Figure 6 . Mitochondrial STARD7 is necessary and sufficient to preserve mitochondrial function. A Oxygen consumption rates (OCR) of cells cultured in glucose-containing medium (10 mM). Basal and maximal (2; 1.5 lM CCCP) OCR and the proton leak (1; 2 lM oligomycin A) are shown. Rotenone (0.5 lM) and antimycin A (0.5 lM) were used to block electron flow through complexes I and III (3). Mean AE SD of four replicates is shown. OCR was normalized to the amount of protein in the sample. B Basal OCR of (A). ****P < 0.0001, one-way ANOVA. C Maximum OCR of (A). **P < 0.01, ***P < 0.001, one-way ANOVA. D Cellular ATP contents. Cells were cultured in galactose-containing medium (10 mM) overnight and further cultivated for 4 h in the presence or absence of 50 nM oligomycin A. The cellular ATP content was measured using the CellTiter-Glo Luminescent Cell Viability/ATP Assay kit (n = 5; mean values AE SD). ****P < 0.0001, oneway ANOVA. E COXI protein levels. SDS-PAGE and immunoblot analyses of isolated mitochondria are shown in the left panel, a quantification of COXI protein levels in the right panel (n = 3; mean values AE SD). ***P < 0.001, N.S., not significant, one-way ANOVA. F Transmission electron microscopy. Scale bars, 0.5 lm. G Quantification of (F) (number of mitochondria analyzed: WT cells, 166; STARD7 
Mitochondrial function was assessed in (A-H) wild-type (WT) and STARD7

+STARD7-ΔN, 139).
H BN-PAGE and SDS-PAGE analyses. Mitochondria were solubilized (1 g digitonin/g protein) and analyzed by BN-PAGE or SDS-PAGE, followed by immunoblotting with ATP5a-specific antibodies. V, monomer of ATP synthase; V 2 , dimers of ATP synthases. I Oxygen consumption rates (OCR) of cells cultured in glucose-containing medium (10 mM) (as in A). Mean AE SD of four replicates is shown. OCR was normalized to the amount of protein in the sample. J Cellular ATP contents (as in D; n = 5 independent experiments; mean values AE SD). ****P < 0.0001, N.S., not significant, one-way ANOVA. K COXI expression (as in E, left panel).
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The EMBO Journal PARL determines dual localization of STARD7 Shotaro Saita et al corroborate this possibility, we isolated mitochondria from STARD7 +/+ and STARD7 À/À cells and partially solubilized mitochondrial membranes using low detergent concentrations. Proteins residing in the OM (TOMM20) or the IMS (Smac) were recovered in the supernatant, whereas IM (TIMM23) and matrix (mtHSP70)-localized proteins were present in the pellet fraction (Fig 7A) . We determined the phospholipidome in both fractions by quantitative mass spectrometry (Figs 7B and EV7) . In agreement with the enrichment of IM proteins, we observed increased levels of CL as well as decreased levels of PC in the pellet fraction of STARD7 +/+ mitochondria (Fig 7B; Vance, 2015) . Strikingly, loss of STARD7 significantly impaired the accumulation of PC in the IM-enriched fraction, whereas CL and other phospholipids remained unaffected (Figs 7B and EV7) . Expression of STARD7 but not of STARD7-DN restored PC levels in the IM fraction (Fig 7C) . In light of the lipid transfer activity of recombinant STARD7 for PC (Horibata & Sugimoto, 2010; Horibata et al, 2016) , these experiments demonstrate that STARD7 serves as an intramitochondrial LTP for PC in the IMS.
Discussion
We demonstrate that STARD7 localizes to both the cytosol and the IMS, where it functions as a LTP and shuttles PC between outer and inner mitochondrial membranes. PARL-mediated cleavage of STARD7 during its import into mitochondria and an internal sorting signal in STARD7 allow the release of a fraction of mature STARD7 into the cytosol, while another part of STARD7 remains in the mitochondrial IMS. Several lines of evidence suggest that kinetic partitioning between STARD7 cleavage by PARL and completion of STARD7 import into mitochondria determines which fraction of STARD7 localizes to the cytosol (Fig 8) . First, STARD7 completely imported into mitochondria is not released into the cytosol, demonstrating that sorting occurs during the import of newly synthesized STARD7. Second, maturation of newly imported STARD7 by another processing peptidase, the mitochondrial intermediate peptidase IMMP1L, precludes the cytosolic localization of STARD7, which accumulates quantitatively in the IMS. Previous pulse-chase experiments revealed that maturation of newly imported mitochondrial proteins by IMMP1L occurred at significantly reduced rates when compared to Smac processing by PARL (Petrungaro et al, 2015; Saita et al, 2017) , suggesting that complete translocation of STARD7 across the OM prior to maturation by IMMP1L prevents its retranslocation to the cytosol. Third, depletion of TIMM23 impairs maturation of STARD7 but results in an increased release of processed STARD7 to the cytosol. Thus, membrane insertion of STARD7 by the TIM23 complex appears to facilitate PARL processing and to promote mitochondrial localization of STARD7. If membrane insertion of STARD7 is impaired upon depletion of TIMM23, PARL-mediated STARD7 cleavage results in the release of an increased fraction of mature STARD7. We therefore propose that maturation of STARD7 by PARL can occur in a TIMM23-dependent and TIMM23-independent manner and that partitioning between these pathways determines the localization of mature STARD7 to the cytosol or the IMS (Fig 8) .
Further support for this model comes from the identification of negatively charged amino acid residues in the N-terminal region of mature STARD7, which serve as sorting signal for its retranslocation p mol/μg protein A Mitochondria (M) isolated from wild-type (WT) and STARD7 À/À HeLa cells were lysed with digitonin (0.5 g digitonin/g protein for 15 min at 4°C) and split into supernatant (S; containing OM and IMS proteins) and pellet fractions (P; containing IM and matrix proteins). Samples were analyzed by SDS-PAGE and immunoblotting. B Phospholipidome analysis of mitochondrial fractions isolated from WT and STARD7 À/À HeLa cells by quantitative MS (n = 3; mean values AE SD).
*P < 0.05, N.S., not significant, one-way ANOVA. C Phospholipidome analysis of mitochondrial fraction isolated from STARD7 À/À HeLa cells complemented with STARD7 (WT) or STARD7-DN by quantitative MS (n = 3; mean values AE SD). *P < 0.05, N.S., not significant, one-way ANOVA.
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The EMBO Journal PARL determines dual localization of STARD7 Shotaro Saita et al to the cytosol. Mutations in these amino acids do not affect PARLmediated maturation but impair the cytosolic localization of STARD7. The negatively charged amino acids in STARD7 may limit binding to the TIM23 complex and thereby facilitate the release of mature STARD7 to the cytosol. Alternatively, it may modulate binding to PARL or another, yet to be identified sorting component. The STARD7-derived signal, when integrated into the corresponding region of Smac, results in the mitochondrial release of a fraction of mature Smac, which is generated by PARL during import. Thus, negatively charged amino acids following the PARL cleavage site are necessary and sufficient to allow the release of newly imported PARL substrate proteins into the cytosol. The presence of STARD7 both in the cytosol and mitochondria substantiates the critical role of protein processing by PARL for the localization of its substrate proteins. With PINK1, the mitochondrial phosphatase PGAM5, Smac, and STARD7, four out of six known PARL substrates were found to be dually localized under various conditions. Negatively charged amino acids are present in the amino terminal regions of various PARL substrates, including the mitochondrial kinase PINK1, which is released into the cytosol upon PARL cleavage, suggesting that this signal might be of general relevance. On the other hand, the PARL substrate Smac lacks negatively charged amino acids in this region. Mature Smac accumulates quantitatively in the IMS and is only released from mitochondria in apoptotic cells in a BAX/BAK-dependent manner (Saita et al, 2017) . We therefore propose that the partitioning of PARL substrates between the IMS and the cytosol during protein import into mitochondria depends on the presence and likely number of negatively charged amino acids in the N-terminal region of mature substrate proteins.
STARD7 has been identified as a LTP for PC in the cytosol (Horibata & Sugimoto, 2010; Horibata et al, 2016 Horibata et al, , 2017 . Our results reveal that IMS-localized STARD7 represents a novel intramitochondrial LTP and shuttles PC between both mitochondrial membranes. Its function is related to PRELID1/TRIAP1 (Ups1/Mdm35 in yeast) and SLMO2/TRIAP1 (Ups2/Mdm35 in yeast), both members of the Ups/PRELI family of LTPs, which mediate the transport of PA and PS across the IMS, respectively (Connerth et al, 2012; Potting et al, 2013; Watanabe et al, 2015; Aaltonen et al, 2016; Miyata et al, 2016) . Thus, LTPs mediate lipid trafficking across the IMS in a lipid-specific manner and preserve mitochondrial membrane homeostasis.
The loss of STARD7 impairs the accumulation of PC specifically in the IM but does not affect the phospholipid accumulation in the OM. Structure and function of mitochondria depend on targeting of STARD7 to mitochondria and cannot be maintained by cytosolic STARD7 or STARD7 anchored to the OM, demonstrating that mitochondrial membrane homeostasis requires STARD7-mediated PC transport across the IMS. The loss of STARD7 causes deficiencies in respiration and cristae morphogenesis. We observed an impaired dimerization of the ATP synthase in STARD7-deficient cells, which likely contributes to the aberrant cristae formation. It is conceivable that decreased PC levels and an imbalance between PC and nonbilayer lipids such as CL and PE impair mitochondrial structure and function (Baker et al, 2016) . Notably, PC serves as an acyl donor for CL remodeling by tafazzin (Schlame et al, 2012; Lu et al, 2016) , which might explain the impaired accumulation of CL in the absence of STARD7. Thus, deficiencies in the intramitochondrial trafficking of PC have profound and pleiotropic effects on mitochondrial membrane homeostasis.
Materials and Methods
Antibodies
Rabbit polyclonal antibodies directed against PARL were described previously (Wai et al, 2016) . The following commercially available antibodies were used: b-actin (Sigma, Cat#A5441), ATP5a (Abcam, Cat#ab14748), calnexin (Calbiochem, Cat#208880), FLAG (M2, Sigma ( 
Construction of plasmids
Complementary DNA (cDNA) encoding human STARD7, Smac, and CLPB were cloned into the pcDNA3 (Invitrogen), pcDNA5/FRT/TO (Invitrogen), or pGEM4 (Addgene). For lentiviral expression, human STARD7 and IMMP1L cDNA were cloned into the pLVX-Puro (Invitrogen). Complementary DNAs encoding mutants of STARD7, TOMM70 (1-61 aa) fused to STARD7 (77-370 aa), AKAP1 (1-30 aa) fused to STARD7 (77-370 aa), and MICU1 (1-60 aa) fused to STARD7 (77-370 aa) were generated by the PCR.
Cell culture, transfection, and RNA interference HeLa, HEK293, HEK293 Flp-In T-Rex (HEK) cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with GlutaMAX (Life Technologies) and 10% fetal bovine serum and sodium pyruvate (100 lg/ml), non-essential amino acids (100 lg/ ml), penicillin (100 lg/ml), and streptomycin (100 lg/ml). The cells were transfected with expression vectors using GeneJuice (Novagen) or Lipofectamine 2000 (Invitrogen), while Lipofectamine RNAiMax (Invitrogen) was used for transfection of siRNAs. Cell viability and number were monitored using the trypan blue exclusion assay. Cells were maintained in DMEM containing 4.5 g/l glucose as described above at an initial cell number of 1 × 10 5 . Cells were stained with 0.04% trypan blue (Life Technologies) and counted using an automated cell counter at 24-h intervals. Three replicates of the trypan blue exclusion assay were performed per data point.
CRISPR/Cas9-mediated gene editing and generation of stable cell lines PARL À/À HEK293 cells were described previously (Wai et al, 2016) .
HeLa and HEK293 Flp-In T-Rex cells lacking STARD7, IMMP1L, or YME1L were generated using CRISPR/Cas9 gene editing. Briefly, for gene-specific DNA, fragments were synthesized, cloned into the pX335 (Addgene), and transfected into cells. After trypsinization, single cells were sorted into 96-well dishes. Surviving clones were picked, expanded, and selected based on STARD7 expression by immunoblot analysis or IMMP1L mutation by surveyor assay. Mutations were confirmed by genomic sequencing. HEK293 Flp-In T-Rex cells were transfected with pcDNA5-FRT-TO (encoding gene of interest) and pOG44 to generate stable tetracycline-inducible cell lines using GeneJuice as transfection reagent. Selection using hygromycin (100 lg/ml) was started after 2 days. For lentiviral infection, HEK293 cells were transiently transfected with pLVX-puro (containing gene of interest) for 24 h by Lenti-X TM Packaging Single Shots (VSV-G) (Takara), after which the medium was replaced with cDMEM. Then, cells were incubated for 24 h for collection of viruscontaining culture supernatants. For viral infection,~50% confluent cell cultures were exposed to virus medium with fresh cDMEM, and 4 lg/ml polybrene. Selection using puromycin (5 lg/ml) was started after 2 days.
Immunoprecipitation experiments and immunoblot analysis
Cells were lysed in RIPA buffer [50 mM HEPES/NaOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1.0% (v/v) Triton X-100, 0.1% (w/v) SDS, 0.5% (w/v) sodium deoxycholate, protease inhibitor cocktail (Roche)] for 15 min at 4°C. After centrifugation at 16,100 g for 15 min at 4°C, supernatant fractions were analyzed by SDS-PAGE and immunoblotting.
For immunoprecipitation experiments, cells were lysed by incubation for 15 min at 4°C with lysis buffer [40 mM HEPES/NaOH, pH 7.5, 150 mM NaCl, 1.0% (w/v) digitonin, protease inhibitor cocktail (Roche)]. After a clarifying centrifugation at 16,100 g for 15 min at 4°C, supernatant fractions were subjected to immunoprecipitation and incubated for 1-2 h at 4°C with antibodies and protein G-Sepharose 4 Fast Flow (Amersham Biosciences) or EZview TM Red anti-FLAG M2 affinity gel (Sigma). After repeated washing steps, bound proteins were eluted with SDS sample buffer [50 mM Tris/HCl, pH 6.8, 2% (w/v) SDS, 5% (v/v) glycerol, 0.002% (w/v) bromophenol blue] and analyzed by SDS-PAGE and immunoblotting. Fluorescence intensities were detected using the infrared Odyssey System (Li-Cor Biosciences).
Electron microscopy
HeLa cells were incubated with 2% glutaraldehyde (in 0.12 M phosphate buffer pH 7.4, 2 h RT) for 48 h. Samples were washed with phosphate buffer and incubated 3 h in 1% osmium tetroxide (in 0.12 M phosphate buffer pH 7.4) followed by dehydration with EtOH in several steps (50, 70, 90, 100% EtOH) and embedding in Epon (Fluka). Semithin sections were examined by light microscopy prior cutting of ultrathin sections (70 nm). Ultrathin sections were placed on 200-mesh copper grids (Electron Microscopy Sciences) and stained with uranium acetate (Plano GMBH) and lead citrate (Electron Microscopy Sciences).
Immunofluorescence staining
HeLa cells grown on glass coverslips were fixed for 10 min with 3.7% (v/v) paraformaldehyde in PBS, permeabilized by 0.2% (v/v) Triton X-100, and then incubated overnight at 4°C with primary antibodies in PBS containing 0.1% (w/v) bovine serum albumin (BSA). After washing, the cells were incubated for 1 h at RT with Alexa Fluor-labeled goat secondary antibodies at a dilution of 1:500-1:1,000 in PBS containing 0.1% (w/v) BSA. Cells were washed again and then covered with a drop of ProLong â Gold mounting reagent (P36934) (Thermo) for examination with a confocal fluorescence microscope (LSM710 META, Carl Zeiss).
Isolation of mitochondria and mitochondrial protein import
Cells were washed in PBS and resuspended in homogenization buffer (220 mM mannitol, 70 mM sucrose, 20 mM HEPES/KOH pH 7.4, 1 mM EDTA) with or without complete protease inhibitor. Cell suspension was homogenized with a rotating Teflon potter (Potter S, Braun) at 900 rpm followed by differential centrifugation. The homogenate was centrifuged at 600 g for 5 min at 4°C to remove the debris and nucleus, and the resulting supernatant was then centrifuged at 8,000 g for 15 min at 4°C to obtain mitochondrial fractions. The supernatant was centrifuged at 100,000 g for 30 min at 4°C to obtain cytosolic and microsomal membrane fractions. Following isolation, mitochondrial pellets (100 lg) were resuspended in 20 mM HEPES/KOH pH 7.4, 250 mM sucrose. For sodium carbonate extraction, mitochondrial pellets (100 lg) were resuspended in freshly prepared Na 2 CO 3 (100 mM pH 7.4, 10.5, 11.5 or 12.5) to 0.125 mg/ml. Samples were incubated on ice for 30 min and centrifuged at 100,000 g for 30 min. The supernatant was subjected to TCA precipitation, and the pellet fraction was resuspended in SDS-PAGE loading buffer. For in vitro import of proteins into isolated mitochondria, corresponding genes were expressed in vitro using the TNT â Quick Coupled Transcription/ Translation System (Promega). Precursor proteins were synthesized for 30 min at 30°C. Precursor proteins were incubated with mitochondria for each time points at 30°C in the absence of protease inhibitor followed by centrifugation (20,000 g, 5 min, 4°C). Supernatant fractions (containing released proteins) and pellet fractions (containing mitochondria) were analyzed by SDS-PAGE and immunoblotting. For the analysis of the phospholipidome, mitochondria were further purified by density gradient centrifugation: mitochondria were layered on top of a Percoll step gradient [12, 19, 40% Percoll in isolation buffer IB (5 mM HEPES/KOH pH 7.4, 220 mM mannitol, 70 mM sucrose and 1 mM EGTA pH 8.0)] followed by ultracentrifugation (42,000 g, 30 min, 4°C) in SW41Ti rotor (Beckman). The mitochondrial fraction was isolated and diluted 1:5 in IB and washed three times by IB (16,100 g, 5 min, 4°C). For isolation of OM and IM, mitochondria (200 lg) were suspended in 10 ll buffer H (2 mM HEPES/KOH pH 7.4, 220 mM mannitol, 70 mM sucrose, and complete protease inhibitor) with 0.5 mg/ml BSA, and incubated with 10 ll of 10 mg/ml digitonin containing buffer H for 15 min at 4°C. The reaction is terminated by buffer H with 5 mg/ml BSA and centrifuged at 12,000 g for 15 min to obtain OM fractions as supernatant, and the resulting pellet was washed with 100 ll buffer H with 0.5 mg/ml BSA and centrifuged at 12,000 g for 15 min to obtain IM fractions as pellet.
Subfractionation of mitochondria
Mitochondria were treated with 0.5 lg/ml proteinase K (PK) for 10 min with or without osmotic swelling in 10 mM HEPES-KOH pH 7.4 containing 1 mM EDTA. PK digestion of mitochondrial proteins was stopped with 1 mM PMSF. When indicated, 0.5% (v/v) Triton X-100 was added prior to PK treatment. Samples were precipitated by trichloric acid and analyzed by SDS-PAGE and immunoblotting.
Quantitative mass spectrometry of phospholipids
Mass spectrometric analysis was performed essentially as described (Tatsuta, 2017) . Lipids were extracted from isolated pure mitochondria, digitonin-treated membrane fractions, or whole cells in the presence of internal standards of major phospholipids After addition of 0.3 ml chloroform and of 0.3 ml H 2 O, the sample was mixed again for 10 min, and phase separation was induced by centrifugation (800 g, 2 min). The lower chloroform phase was carefully transferred to a clean glass vial. The upper water phase was mixed with 10 ll 1N HCl and 300 ll chloroform for 10 min. After phase separation, the lower chloroform phase was carefully transferred to the glass vial with the chloroform phase from the first extraction. The solvent was evaporated by a gentle stream of argon at 37°C. Lipids were dissolved in 10 mM ammonium acetate in methanol, transferred to Twin.tec PCR plate sealed with Thermowell sealing tape, and analyzed on a QTRAP 6500 triple quadrupole mass spectrometer (SCIEX) equipped with nano-infusion splay device (TriVersa NanoMate with ESI-Chip type A, Advion).
Analysis of mitochondrial function
Oxygen consumption rates (OCR) were measured with a Seahorse Extracellular Flux Analyzer XF24 (Seahorse Bioscience). HeLa cells were plated into each well one day before the assay. The OCR was normalized for the total amount of protein. Data are presented as the means AE standard error of the mean (SEM) of four to nine replicates. For the determination of the cellular ATP content, HeLa cells were plated and grown overnight in 25 mM glucose medium, and grown for another day in 10 mM galactose medium. Cells were incubated with or without 50 nM oligomycin A for 4 h. Whole-cell ATP content was measured by CellTiter-Glo Luminescent Cell Viability/ATP Assay kit (Promega).
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Blue native-PAGE analysis
Blue native-PAGE was performed as described previously with some modifications (Wittig et al, 2006) . In brief, mitochondria (100 lg) were lysed in solubilization buffer [50 mM NaCl, 5 mM 6-aminohexanoic acid, 50 mM imidazole/HCl (pH 7.0), 10% (v/v) glycerol, 50 mM KPi-buffer (pH 7.4)] containing 1 or 6 g digitonin/g protein.
Lysates were centrifuged, supplemented with 0.1% (w/v) CBB, and separated by 3%-13% BN-PAGE.
Liposome preparation and reconstitution of PARL
For liposome preparation, a phospholipid composition similar to IM was chosen as described (Schwarz et al, 2007) . Lipids (10 mM dioleoyl phosphatidylcholine, 8.45 mM dioleoyl phosphatidylethanolamine, 4.5 mM cardiolipin, 0.75 mM dioleoyl phosphatidylserine, 1.25 mM phosphatidylinositol isolated from soybeans, and 0.01 mM rhodamine phosphatidylethanolamine) were mixed together, and chloroform was evaporated under argon flow at 37°C. Liposomes were dissolved in buffer LP (5 mM Tris/HCl pH 8.5, 10 mM KOAc) by vortexing, and a liposome extrusion was performed with a mini extruder according to the manufacturer's protocol (Avanti polar lipids) by use of two supporter membranes and a polycarbonate membrane (Avanti polar lipids, 0.1 lM). Mature, human PARL harboring a hexahistidine-tag at its Cterminus was expressed in a bacterial lysate-based, continuousexchange cell-free expression system using pIVEX2.3d-PARL His (amino acids F54-K380) or pIVEX2.3d-PARL(S277A) His vector in the presence of liposomes. Maximal protein expression was achieved by shaking at 30°C for 16 h with 16 mM Mg(OAc) 2 and 270 mM KOAc. Liposomes with incorporated PARL proteins were harvested by centrifugation (20 min, 16,000 g, 4°C) and washed twice with buffer FB (5 mM HEPES/KOH pH 7.4, 25 mM NaCl). Soluble and insoluble proteoliposomes were overlayed by a 40, 30, 15, and 0% sucrose step gradient and separated by centrifugation (200,000 g, 2 h, 4°C) in buffer FB. The top fraction with soluble PARL proteoliposomes harbors the active protein.
Statistical analyses
Quantitative data are presented as means AE SD if not indicated otherwise. The statistical significance was assessed using one-way ANOVA. A P-value of < 0.05 was considered statistically significant.
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